Polycrystalline silicon films on SiO 2 were deposited without external heating by plasma immersion ion implantation using bias voltages ranging from Ϫ5 to Ϫ15 kV and electron cyclotron resonance plasma of SiH 4 . Compared with films deposited without ion irradiation, ion implanted films have larger grains and lower grain density even when their deposition temperature was lower. Furthermore, ion irradiated films are fully dense and large-grained starting from the initial Si/SiO 2 interface without the initial amorphous/microcrystalline seed layer often thought to be necessary to produce polycrystalline silicon films at low temperatures. Using plasma immersion ion implantation, deposition of fully polycrystalline Si films with thicknesses less than 30 nm was demonstrated at temperatures as low as 410°C.
I. INTRODUCTION
Deposition of thin polycrystalline silicon ͑poly-Si͒ films on glass substrates is an active area of research, as they are gaining importance for applications in large-area, low-cost, and high performance displays. Direct deposition using purely thermal chemical vapor deposition is unpractical, as it usually requires temperatures in the excess of 600°C, which is incompatible with glass substrates commonly used. The deposition temperature can be substantially lowered by using plasma enhanced chemical vapor deposition ͑PECVD͒. However, in a conventional low-temperature PECVD of poly-Si, an initial amorphous/microcrystalline seed layer on the glass surface is usually required before growth of a polycrystalline layer can proceed. A microcrystalline layer can be deposited intentionally to control the initial condition and to promote rapid deposition of polycrystalline silicon layer.
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The required thickness of the microcrystalline seed layer, however, can be several tens of nanometers in case of conventional PECVD using SiH 4 . Other methods such as hydrogen dilution and reactive magnetron sputtering can be used to reduce the thickness of the seed layer to a few nm, but it's difficult to completely eliminate it. Thus, such seeding methods present difficulties for high performance thin film transistors, as they require fully polycrystalline films with thickness Ͻ100 nm. 3 Ion irradiation offers promise of overcoming these difficulties. By providing nonequilibrium and nonthermal atomic mobilities and transient defect populations, it can provide novel reaction pathways that enable reactions to proceed that would be otherwise impossible, or greatly accelerate the rates of reactions far above the pure thermal values. As this allows attainment of a final microstructure that would be very difficult or impossible to obtain using purely thermal methods only, application of ion irradiation has been the subject of an intense research, especially in the field of thin film deposition. 4 In relation to low-temperature deposition of poly-Si, ion irradiation is known to possess effects such as ion-beam enhanced grain growth, 5 nucleation, 6,7 and crystallization 8 that would be beneficial to depositing a better quality poly-Si films on glass substrates at lower temperatures. But the difficulty of scaling up the conventional ion implantation to a large-area processes and integrating it with deposition processes has so far hindered practical application of such effects.
Plasma immersion ion implantation ͑PIII͒ offers advantages that can overcome the limitations of conventional ion irradiation. 9 During PIII, implantation is achieved by immersing the entire target into plasma and biasing it negatively. Usually, the bias is applied in a pulse mode to reduce the power input and also control the size of the plasma sheath, but a dc bias can in principle be used as well. 10 Using PIII, large areas can be implanted at a rate that is orders of magnitude higher than is usual during a conventional ion irradiation. This not only dramatically shortens the implantation time necessary, but also allows probing of regions in which high dose rate effects become dominant. Furthermore, because the configuration for PIII is the same as that used for PECVD, deposition and implantation can be carried out concurrently by choosing a suitable plasma.
In this article, we report on results of depositing poly-Si thin films by PIII using electron cyclotron resonance ͑ECR͒ plasma of pure SiH 4 . We find that compared with films deposited without ion irradiation, PIII-deposited films have larger grains and lower grain density even when their deposition temperatures were lower. Furthermore, with PIII, no microcrystalline seed layers are necessary, and large grains extend right down to the Si/SiO 2 interface. Consequently, dense, fully poly-Si films without any pinholes or amorphous a͒ Electronic mail: jhs@sorak.kaist.ac.kr regions with thicknesses less than 30 nm can be deposited at temperatures as low as 410°C.
II. EXPERIMENT
An ECR plasma source with 99.999% SiH 4 was used to generate the plasma. System base pressure was 1ϫ10
Ϫ6
Torr. During deposition, the SiH 4 flow rate was 4.6 sccm and the pressure 1ϫ10 Ϫ4 Torr. Note that we are using pure silane plasma undiluted by hydrogen. The microwave power was varied from 400 to 650 W. The deposition time was 30 min unless otherwise specified. Thermally oxidized Si wafers with nominal oxide thicknesses of either 330 or 110 nm were used as substrates. For depositions using PIII, the backside of the wafer was etched with HF to remove the oxide layer, coated with Al, then annealed at 300°C for 30 min for good electrical contacts. Samples were then clamped onto a stainless steel sample holder. No external heating was used, but the combination of plasma heating and ion irradiation raised the temperature to 410-520Ϯ20°C. For comparisons, films were also deposited without ion irradiation at temperatures of 500 and 580°C using a resistively heated sample stage. The temperatures were calibrated by using a thermocouple glued to the surface of the sample being deposited, as it was found that the temperature of the sample surface during deposition could be substantially higher than that of the sample holder. The temperatures measured at different deposition conditions are summarized in Table I. A HPM 20-150 high voltage pulse modulator by Diversified Technologies Inc. connected to a high voltage power supply was used to generate high voltage pulses. The implantation voltage was varied from Ϫ5 to Ϫ15 kV, and the pulse repetition rate was varied between 0.5 and 2 kHz. The pulse width, however, was fixed at 5 s. At the pressure used during the deposition, the plasma is in the collisionless regime. Therefore, we expect the energy of the implanted ions to follow that of the voltage pulse closely. The range of Si ions in Si, as calculated by transport of ion in matter ͑TRIM͒ ͑a Monte Carlo program for calculating ion-related parameters͒, 11 is 10 nm with straggle of 4 and 22 nm with straggle of 9 nm for the bias voltage of Ϫ5 and Ϫ15 kV, respectively. Thus, we are truly implanting the ions into the growing Si films. Therefore, our results should be distinguished from ion beam assisted deposition ͑IBAD͒, which usually use ion energies less than 1 keV and thus affect the film surface only.
It should be noted that because the sample is immersed in the plasma, hydrogen ions will also be implanted into the sample. However, according to TRIM calculations, the rate at which Si atoms are displaced by implanted hydrogen ions is only 1% of the rate at which Si atoms are displaced by the implanted Si ions. Therefore, we expect the effect of hydrogen implantation to be very small compared with that of Si implantation. We also note that because the oxide layer is thin, the charging effect due to ions is expected to be negligible. Indeed, given the typical ion densities in an ECR plasma and the short implantation pulse, we expect the voltage drop due to sample charging to be less than 30% even if the substrate were a 0.8-mm-thick glass plate.
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III. RESULTS
A. Implantation Figure 1 shows the shape of the voltage pulse of Ϫ8 kV and the resulting implantation current with microwave powers at 300, 400, 500, and 650 W. The time required for the voltage to rise from 10% to 90% of the maximum value is less than 0.5 s. In all cases, an initial peak in implantation current followed by a plateau is observed. The peak value is 180 mA/cm 2 , with an average of 63 mA/cm 2 per pulse. Because of the secondary electron emission, accurate conversion of current into ion dose rate is difficult. Assuming a factor of 3, we estimate that the ion dose rate is of the order of 1ϫ10 17 ions cm Ϫ2 s Ϫ1 during a pulse. The implantation currents at the all microwave powers are nearly indistinguishable, indicating that within the present deposition conditions, the implantation current is independent of the applied microwave power. As the implantation current is a direct indication of the ion density in the plasma, 10 indicates that within the range probed by the present experimental conditions, the ion density in the plasma is independent of the microwave power as well. This conclusion is consistent with the observations made by other researchers using ECR plasma. 12 The implantation current does however increase with increasing applied voltage. This is shown in Fig. 2 , which shows the implantation current with bias voltages of Ϫ8, Ϫ10, Ϫ12.5, and Ϫ15 kV at a microwave power of 400 W.
B. PIII vs thermal PECVD
Figures 3͑a͒-3͑c͒ show the plan-view bright/dark field transmission electron microscope ͑TEM͒ images of films deposited with PIII with applied voltage of Ϫ8 kV at 1 kHz pulse repetition rate, film deposited without PIII at 500°C, and at 580°C, respectively. Shown in the insets are the corresponding diffraction patterns. In all cases, the microwave power was 650 W. The film deposited with PIII is fully polycrystalline, with grains in the size range of 10-100 nm and an average grain size of 21 nm. The grain size distribution was also measured, and found to be lognormal ͑not shown͒. The film deposited without PIII at 500°C is nearly microcrystalline, with no grains larger than 20 nm in diameter. It also has a somewhat granular appearance with what appears to be amorphous regions between grains. The presence of amorphous regions is confirmed by the diffraction pattern, which shows a diffuse halo characteristic of a-Si. The film deposited without PIII at 580°C appears fully polycrystalline with grains that are larger than those in Fig. 3͑b͒ . But compared with the film deposited with PIII, it has a much higher density of very small (Ͻ20 nm͒ grains and the average grain size of 15 nm. It also has only a few grains that are larger than 50 nm in diameter.
Figures 4͑a͒-4͑c͒ show the cross-section bright/dark field TEM images of the same films as above. The PIII deposited film is 110 nm thick, with a somewhat columnar structure, and without any pores or voids sometimes observed in lowtemperature deposited poly-Si. 13, 14 More importantly, the film is fully polycrystalline with large grains right down to the Si/SiO 2 interface. The interface itself is somewhat undulating, which we attribute to the effect of implanting Si into SiO 2 at the beginning of the deposition process. However, it should be noted that the overall thickness of the underlying oxide did not change. Thus, we do not believe that significant sputtering or formation of silicon crystals by implanted Si atoms have occurred. The film deposited without PIII at 500°C is 130 nm thick, and shows a nearly fibrous structure of thin (р20 nm͒ strands of crystal Si with what appears to be thin amorphous regions between them. Similar structure has been observed by others during initial phase of lowtemperature PECVD of silicon on glass. 13 Presumably, larger grains would have appeared had the deposition continued for much longer times. Such effect is observed from the film deposited without PIII at 580°C. After an initial thin layer of р5 nm thickness that appears to consist of a high density of microcrystalline grains, a fully polycrystalline layer with well-developed, columnar crystal structure appears. The TEM image also shows that the average grain size increases with increasing thickness, with some grains becoming wider at the expense of others.
C. Dependence upon implantation parameters
To understand the effects of PIII upon the growth of polySi, films were deposited with varying pulse repetition rate, microwave power, deposition time, and bias voltage. Figure   FIG 
FIG. 4.
Cross-section bright/dark field TEM images of ͑a͒ film deposited with PIII, with bias voltage of Ϫ8 kV and a pulse repetition rate of 1 kHz; ͑b͒ film deposited without PIII at 500°C; and ͑c͒ film deposited without PIII at 580°C. 5 shows the plan-view bright/dark field images of poly-Si film deposited with bias voltage of Ϫ8 kV and microwave power of 650 W at pulse rate of 2 kHz. Compared to Fig.  3͑a͒ which shows the TEM images of poly-Si film deposited with the same bias voltage and microwave power but at pulse rate of 1 kHz, we find that the microstructure of the films are, within the range probed, only very weakly dependent on the pulse rate and thus the total implantation dose. Both are fully polycrystalline, with very similar grain sizes and distributions.
The effect of changing the microwave power on the microstructure of the deposited films are shown in Figs. 6͑a͒-6͑c͒, which show the TEM bright/dark field images of films deposited with bias voltage of Ϫ8 kV at pulse repetition rate of 1 kHz, with microwave powers of 650, 500, and 300 W, respectively. We find that with decreasing microwave power the average grain size decreases from 21 to 12 nm. We note, however, that the grain densities of these low temperature PIII deposited films are still lower than those deposited without PIII at higher temperatures. Especially, the density of the smallest grains is much lower. The significance of such lower grain density will be discussed later. Figures 7 and 8 show the plan and cross-section bright/ dark field TEM images of film deposited with a higher bias voltage of Ϫ10 kV. The microwave power and duty cycle were adjusted to 400 W and 0.5 kHz, respectively, in order to keep the temperature at 410°C. As we have shown in Fig.  5 that the final microstructure of the film does not depend strongly on the pulse rate used in the experiments, we expect the main difference to be due to differences in ion energy and ion current. When compared with the film shown in Fig.  6͑c͒ , which had the same deposition temperature within the measurement error, the difference in the film microstructure is substantial. The grains are larger with an average grain size of 15 nm, and some grains are seen to be over 70 nm in diameter. And as Fig. 8 shows, this film, too, lacks the amorphous/microcrystalline seed layer at the Si/SiO 2 interface despite the low deposition temperature.
IV. DISCUSSION
The results presented above demonstrate clearly that with PIII, dense, fully poly-Si films can be deposited at a temperature as low as 410°C without an amorphous/microcrystalline seed layer at the Si/SiO 2 interface. This lack of the seed layer is significant, as it indicates the possibility of direct, lowtemperature deposition of ultrathin, fully poly-Si films needed for high performance thin film transistors. It also explains why films deposited with PIII have much lower overall grain density than those deposited purely thermally.
In order to better understand how PIII affects the microstructure of the films, we consider the ͑a͒ beam-heating and ͑b͒ beam-solid effects of PIII separately. By beam-heating effect of PIII, we mean the effects due to changes in the film temperature induced by PIII. And by the beam-solid effect, we mean the effects due to the nonequilibrium and nonthermal atomic mobilities and transient defect populations induced by PIII.
We first consider the beam-heating effect. Here we again divide the beam-heating effect into ͑i͒ steady-state beam heating effect and ͑ii͒ transient beam heating effect. By steady-state beam heating effect, we mean the change in the overall, steady-state temperature as measured experimentally. By transient beam-heating effect, we mean the short, transient increase in the temperature during a single ion pulse. Note that we are not considering thermal spikes, which are associated with single ion cascades and last only a few picoseconds.
The steady-state beam heating effect of the film due to PIII can immediately be ruled out from playing a significant role in determining the film microstructure since poly-Si deposition is possible even at a steady-state temperature of 410°C with PIII. The transient temperature of the film during the irradiation pulse, however, is very much likely to be higher than the steady-state temperature. Thus, the transient beam-heating effect during pulses must be considered more carefully.
Because the films are р100 nm thick, and are on top of SiO 2 which is a poor thermal conductor, it is expected that a uniform, steady-state temperature profile will be established very quickly in the film. Indeed, from the studies of laser annealing of Si films on SiO 2 , it is known that a heat pulse will travel through a 100-nm-thick Si film in a few tens of nanoseconds. 15 Thus, within the time scale of microseconds, the transient increase in the temperature due to irradiation pulses are expected to be uniform throughout the film, and to last not much longer than the irradiation pulse itself. Thus, were the transient beam heating effect during ion pulses the dominant factor responsible for the enlargement of grains by PIII, then similar effects should also be observed in a microcrystalline Si film, which is what would be deposited without PIII, 16 that has been exposed repeatedly to short heat pulses ͑e.g., laser pulses͒. Such similarities, however, are not observed. First, it is known from excimer laser annealing studies that in order to observe enlargement of grains of a microcrystalline film, energy densities in the excess of 100 mJ cm Ϫ2 are required. 17 However, the total energy input during a single irradiation pulse as computed from Fig. 1 is much less than 1 mJ cm Ϫ2 . It could still be argued that the enlargement of grains is not due to a single heat pulse, but due to cumulative effects of many pulses. However, were it the case, then the grains near the Si/SiO 2 interface should be much larger than those near the surface, since they have been exposed to far more heat pulses. Such vertical inhomogeneities, however, are not observed in Figs. 4 and 8 . Therefore, we believe that purely thermal effects due to ion pulses are not dominant factors responsible for the enlargement of grains by PIII.
Thus, we identify the beam-solid effect as defined above to be the dominant factor responsible for enlargement of grains by PIII. In order to discuss the beam-solid effect more clearly, we again divide the beam-solid effect into ͑i͒ surface and ͑ii͒ bulk effects. By surface effect, we mean the direct effects of ion irradiation on the deposition process at the surface of the film. And by bulk effect, we mean the effects of ion irradiation on the film that is already deposited. Physically, this division reflects the different views of either treating the PIII deposition as a continuous deposition process or as a series of discrete deposition/irradiation steps.
If we assume that the surface effect is the dominant factor, then the increase in the grain size and reduction in the grain density imply that ion irradiation substantially reduces the nucleation rate of the crystal grains especially on the SiO 2 surface. This may be due to increased atomic mobility due to ion irradiation. It is also possible that very small grains do not survive the high dose ion irradiation during a pulse, thus effectively reducing the overall nucleation rate. On the other hand, if we assume the bulk effect is the dominant factor, then the increase in the grain size and reduction in the grain density may be interpreted as being the result of ion-beam induced grain growth ͑IBEGG͒ as was observed by other investigators using conventional ion irradiation. 5, 18 Indeed, some of the observed features of PIII-deposited films such as lognormal grain size distributions and dependences of final grain sizes upon the temperature, ion dose, and defects created per ion do bear similarities to films which have undergone IBEGG. However, at this point, it is premature to draw a definite conclusion. Further studies are underway to determine the exact nature of the effect of PIII upon the deposition process.
One important corollary of the preceding identification of beam-solid interaction as the dominant factor in determining the film microstructure is that PIII can affect only the part of the film which undergoes direct ion bombardment. For example, it was shown in case of both ion-beam enhanced grain growth and ion-beam enhanced crystallization of Si that only that part of the film which was directly exposed to irradiating ions was affected by ion irradiation, and that a sharp boundary delineated the affected and unaffected regions. 5, 7 Therefore, as the film grows in thickness, only the top 10-20 nm region near the surface will be affected by PIII. Thus, the fact that we observe fully polycrystalline layer right at the Si/SiO 2 interface indicates that it should be possible to deposit a fully polycrystalline Si film that is only as thick as the range of the implanted ions. This is confirmed in Fig. 9 , which shows the bright/dark field TEM images of a film deposited with PIII for 7.5 min at a microwave power of 500 W. Even though the thickness of the film is expected to be р30nm, the film is fully polycrystalline without any pinholes. Such an ultrathin, fully poly-Si film may be used by itself or as a seed layer for a low temperature deposition of fully polycrystalline Si films using conventional PECVD.
V. CONCLUSION
In conclusion, we have deposited dense, fully poly-Si thin films on SiO 2 using PIII at temperatures much lower than is possible without ion irradiation. In particular, we have demonstrated direct deposition of poly-Si films as thin as 30 nm on SiO 2 at temperatures as low as 410°C without a microcrystalline seed layer using PIII. We identify nonequilibrium defect densities and atomic mobilities induced by irradiation to be the dominant factors in determining the observed effects of PIII.
